Abstract Flexible dimers 1, 2, and 3 of ''pyrazole'' derivatives linked with propylene spacer are synthesized and conformational stability in solid, solution, and gaseous states is studied through single crystal X-ray diffraction, 2D NOESY ,and DFT, respectively. The folded conformation of compound 2 is stable in all three states and X-ray diffraction evince that molecule is intramolecularly stacked in reverse face-to-face manner. TEM image of compound 2 exhibits rigid hollow nanospikes with high tendency to form agglomerates.
Introduction
The non-covalent interactions in chemistry, biology, nanotechnology, and crystal engineering play a subtle role in molecular recognition and molecular architecture [1] [2] [3] . Weak attractive intramolecular interactions between aromatic rings might play a significant role in determining the preferred conformation of flexible organic molecules [4] . Among various non-covalent interactions, C-HÁÁÁO, C-HÁÁÁN, C-HÁÁÁp ,and pÁÁÁp have been commonly observed in DNA, RNA, and proteins which control the specific shape and geometry of such large molecules [5] [6] [7] [8] [9] . To illustrate the pÁÁÁp interaction between purine and pyrimidine bases in DNA, Brown et al. [10] used ''propylene linker'' for the promotion of intramolecular aromatic pÁÁÁp interaction which was further studied by Leonard , Newcomb, and Gellman [11, 12] . The mystery of how propylene linked aromatic dimers specifies a U-motif has intrigued chemists leading to designing and development of such type of small dimeric foldamers [13, 14] . Various U-motif flexible dimers have been designed to study their properties and useful applications [15] [16] [17] . Several molecules have been reported whose conformations in the solid state are stabilized by inter/intramolecular interactions [18] [19] [20] .
The present study is based on the pyrazole system, which is the better half of pyrazolo [3,4-d] pyrimidine [21] . Pyrazolo [3,4-d] pyrimidine molecules are well known for their structural diversities [22] but such properties in pyrazole systems [17, 23] have not been documented. Pyrazolone dimers 2 and 3 adopted unusual folded conformation whereas 1 adopted open conformation (Scheme 1). The striking feature of these interesting foldamers was their ability to display U-turn conformations stabilized by intramolecular non-covalent interactions. The intramolecular stacking interactions arose from the interaction between HOMO of the donor ring and LUMO of the acceptor ring [24] . The length of the spacer was confined to ''trimethylene'' to promote intramolecular noncovalent interactions. Single crystal X-ray crystallography of pyrazole derivative 1 showed that it existed in open conformation while insertion of an ester group at position 4 of pyrazole ring changed the conformation from open to folded state (Scheme 1 and Fig. 1 ).
Experimental section
General considerations 1 H and 13 C NMR spectra were recorded with CDCl 3 as the solvent at 300 or 400 MHz spectrometers and TMS as internal standard and chemical shifts have been reported in ppm relative to TMS. All IR spectra values are reported in cm -1 . Unless otherwise noted, all reagents were obtained from commercial suppliers and used without further purification.
Synthesis
Compounds 1a, 2a, and 3a were made according to literature procedure [23] .
To a stirred solution of compound 1a (2.00 g, 11.48 mmol) in DMF (10 mL) was added K 2 CO 3 (1.59 g, 11.48 mmol) and further stirred for 30 min. Then 1,3-dibromopropane (0.59 mL, 5.74 mmol) was added and stirring was continued for next 20 h. DMF was evaporated at reduced pressure in rotary evaporator and remained solid was extracted in CHCl 3 /H 2 O mixture. Organic layer was separated and dried over anhydrous Na 2 SO 4 . After removal of the solvent in vacuo, the crude product was purified by column chromatography (Ethyl acetate/Hexane 1:19) to give compound 1 as white crystalline solids (1.40 g, 62.78 %). Mp. 94-95°C; 1 H NMR (300 MHz, CDCl 3 , 25°C, TMS): d = 7.63 (4H, d, J = 9, o-Ph-H), 7.40 (4H, t, J = 9, m-Ph-H), 7.22 (2H, t, J = 9, p-Ph-H) 5.45 (2H, s, Pyrazole ring-H), 4.22 (4H, t, J = 6, O-CH 2 ), 2.26 (8H, m, Pyrazole-CH 3 and -CH 2 -); 13 
Crystallization
Compounds 1 and 2 were crystallized by slow evaporation of ethyl acetate at room temperature. Compound 3 formed gel-like mass at room temperature or above 20°C by slow evaporation of a wide range of solvents or mixture of solvents. Low temperature crystallization of 3 in a light solvent (i.e., acetone) gave white amorphous solids below 0°C which morphed into gels at room temperature.
X-ray crystallography
Determination of the unit cell and data collection for the compounds were performed with Mo Ka radiation (k = 0.71073 Å ) on a Bruker Smart 1000 diffractometer and equipped with a CCD camera. All of the structures were solved primarily by direct methods and refined with the full-matrix least squares techniques using SHELXS-97 and SHELXL-97 programs [25] . All non-hydrogen atoms were refined with anisotropic thermal parameters. The hydrogen atoms were introduced in calculated positions and refined with a fixed geometry with respect to their carrier atoms. Molecular graphics and ORTEP diagrams ( Fig. 1) were designed using Mercury version-3. Crystal data and details of structural determination refinement for compound 1 are summarized in Table 1 , while structure information of compound 2 can be obtained from CSD with refcode XIMSES. The selected bond lengths and angles of compound 1 are given in table S1 in the Electronic Supplementary Information.
Results and discussion

Crystallographic evidences
Few examples of trimethylene-linked aromatic/hetero aromatic systems are known to have folded conformation due to intramolecular weak interactions in the solid state [26, 27] . Although excellent crystallographic evidences of C-HÁÁÁO and C-HÁÁÁN interactions [28, 29] were first documented by Taylor and Kennard [28] where they concluded that for C-HÁÁÁO, and C-HÁÁÁN interactions, the D-HÁÁÁA bond angle should be 90°-150°, HÁÁÁA distance lies between 2.2 and 3.2 Å and DÁÁÁA ranges from 3.2 to 4.0 Å between molecules [28] . Further, studies on C-HÁÁÁO interactions by Desiraju added more information to the already existing data [2, 29] . Studies on C-HÁÁÁp interactions show that edge-to-face orientation occurs preferentially between 2.5 and 4 Å and angle at hydrogen atom is C90 [30] [31] [32] . Molecular packing in the crystal structure of compound 1 was stabilized by intermolecular C-HÁÁÁO, C-HÁÁÁp, and pÁÁÁp interactions (Fig. 2a-c) . Electron deficient pyrazole ring and electron rich phenyl ring were expected to form either intermolecular pÁÁÁp stack or intramolecular pÁÁÁp stack. Although intermolecular pÁÁÁp stacking between two pyrazole rings was stabilized by two C-HÁÁÁp interactions (Fig. 2c) , neither did compound 1 show intermolecular nor intramolecular reversed pÁÁÁp stack. One of the pyrazole moiety in compound 1 formed an intermolecular pÁÁÁp stack. The pyrazole and the phenyl rings forming the pÁÁÁp stack were almost in the same plane while the other moiety was tilted at *25°. In contrast to the compound 1, X-ray crystal structure of compound 2 showed intramolecular short contacts of C-HÁÁÁO, C-HÁÁÁN and C-HÁÁÁp ( Table 2) that stabilized the molecule in its folded conformation. In compound 2, intramolecular C-HÁÁÁp distance ranged from 2.90 to 3.78 Å and angles at hydrogen atom were depicted to be 86.10°, 109.65°, and 173.72°. Molecular assembly of Compound 2 indicated a tetrad formed due to strong intermolecular interactions between meta-hydrogen of phenyl ring of the one molecule to the 2nd nitrogen of pyrazole ring of other (Fig. 2d) . This cyclic catameric network due to C-HÁÁÁN interactions was responsible for generation of a symmetrical, self-assembled arrangement of molecules in space. The intermolecular C-HÁÁÁO interaction between two ester groups formed a dimer of R 2 2 (10) graph set (Fig. 2e) . The implication of an ester group in the pyrazole moiety enhanced inter as well as intramolecular interactions. Since these molecules have propylene linker, it would be useful to discuss the conformation of the linker. In the solid state, compound 1 showed anti and gauche conformation between C22-C23 and C21-C22, respectively (see the numbering in ORTEP diagram in Fig. 1 ). Gauche conformation was stabilized by intramolecular C-HÁÁÁO interaction (2.81 Å ). In compound 2, both possible conformers showed gauche conformation with C-HÁÁÁO distance 2.65 Å . The detailed description of conformational stability has been discussed in computational section.
2D-NOESY experiments
2D-NOESY has been the best tool for analysing conformation based on the 1 H-1 H space interaction in solutions. Since-molecular rotations in solutions are very fast at room temperature, they may exist in several conformations, but, the equilibrium would be greater toward stable conformation. NOESY (Fig. 3) showed that compounds 2 and 3 were prevalent in folded conformation in the solution whereas compound 1 did not exist in a folded conformation because of lack of intramolecular interactions. The characteristic inter-residual NOEs interactions supported the folded conformations of compounds 2 and 3. Presence of NOEs peaks was a direct evidence that interacting protons were below 5 Å in space [33, 34] . Selected NOEs supported reverse face-to-face stacking of compounds 2 and 3 which were (C12H & C28H) vs. 
Computational studies
In order to investigate the conformational stability in gaseous state, single point energy, and optimized structure energy has been calculated at the M06-2X/6-31G (d, p) and xB97X-D/6-31G (d, p) level of theory [35] [36] [37] [38] . M06-2X functional was specifically developed to target nonbonding interactions and xB97X-D contains both exchange and dispersion corrections that play important roles in correctly describing both bond changes and weak interactions. respectively, (Table 3 ; Fig. 4) . Comparison of crystallographic and computed intramolecular H-bond geometry parameters for compound 2 with M06-2X and xB97X-D functionals revealed that xB97X-D functional was better at describing H-bond geometry parameters when compared to M06-2X. Table 4 describes the intramolecular H-bond geometry parameters of compound 1, 2, and 3 in folded conformation calculated with M06-2X and xB97X-D functional. To avoid confusion and complexity in numbering, the numbering pattern for compound 2 was used as a reference while numbering compounds 1 and 3. This section discusses the effect of ester substituent on folding. The geometries obtained with both functionals suggest that non-covalent interaction distances viz C(13)-HÁÁÁp (Phenyl centroid) and C(6)-HÁÁÁp (Pyrazole centroid) are greater in compound 1 when compared to 2 and 3 while the C(5)-HÁÁÁp (Pyrazole centroid) and C(6)-HÁÁÁN(2) are less in compound 1 when compared to 2 and 3. Close comparison of optimized folded conformations of compounds 1, 2 and 3 show that presence of an ester group in 2 and 3 strengthen the stacking interactions due to the presence of C(5)-HÁÁÁO(2) and C(13)-HÁÁÁO(1) interactions. These interactions directly affect the C(13)-HÁÁÁp (Phenyl centroid) distance which are 3.65 Å (3.67 Å ) in compound 1 while 3.14 Å (3.09 Å ) in compound 2 and 3.31 Å (3.36 Å ) in compound 3. Further, there is competitive interaction between C(5)-HÁÁÁO(2) and C(5)-HÁÁÁN(2) in compounds 2 and 3 in which C(5)-HÁÁÁO (2) is dominant. Due to absence of ester group in compound 1 C(5)-HÁÁÁN(2) is predominant and non-covalent interactions distance is 3.81 Å (3.88 Å ). The effective interactions in folded conformation of compound 1 are C(13)-HÁÁÁp, C(6)-HÁÁÁp, and C(6)-HÁÁÁN(2) while in compounds 2 and 3 are C(13)-HÁÁÁp, C(6)-HÁÁÁp, C(5)-HÁÁÁO(2), C(6)-HÁÁÁN(2), and C(13)-HÁÁÁO(1). The C(5)-HÁÁÁO(2) and C(13)-HÁÁÁO(1) interactions are arisen due to implication of an ester group which is absent in compound 1. These C-HÁÁÁO distances in Optimized structures of compounds 1, 2, and 3 in folded conformation are energetically stable (Fig. 5) . In the folded conformation of molecules, residue O-C-C-C-O shows gauche conformation at propylene linker for both possible conformers and stabilize by two intramolecular C-HÁÁÁO interactions. While open conformation shows one gauche and one anti conformation at propylene linker. The C-HÁÁÁO distance in the gauche conformation is shorter in compound 1 than 3 and 3 is shorter than 2. We observed that C-HÁÁÁO distance in gauche conformation decreases with increasing the O-C-C-C dihedral angle. Therefore, shorter the C-HÁÁÁO distance in gauche conformation greater would be the separation between two pyrazole moieties. Consequently, we can deduce that intramolecular contacts between two pyrazole moieties are stronger in compounds 2 and 3.
TEM analysis
The stacked structure of compound 2 fascinated us to know its nano size crystal property. But, it is very difficult task to explain the nano-size crystal property through single crystal X-ray structure. These days TEM imaging is best tool for analyzing the property of nano structures. TEM analysis of compound 2 after 5 min from deposition of the sample on the grid showed nanoparticles with average diameter 50-70 nm (Fig. 6a) . These particles are spherical or oval shape. TEM analysis within 5 min from deposition of the sample on the grid revealed that there are several spikes of almost similar size and shape, emerging out of a single core (Fig. 6b) . The dimensions of the core are of between 4.05 and 21.11 nm range and the spikes are hollow in nature. The diameter of spiky arms ranges from 3.63 to 16.7 nm and the length of arms vary from 4.27 to 98.28 nm. Single crystal X-ray diffraction image manifests that intermolecular head-to-tail C-HÁÁÁO interactions underpin the molecules to form channels (Fig. 6c, d) . Further, these channels are forming inter-channel connections through C-HÁÁÁN interactions which form the Table 4 Intramolecular H-bond geometry parameters of compounds 1, 2, and 3 (folded conformation) calculated at M06-2X/6-31G (d, p) and catameric structure (Fig. 2d) and enhance the self-assembly of channels. Consequently, agglomeration of nano spikes could be expected due to the intermolecular C-HÁÁÁN interactions. Therefore, we can conclude that compound 2 has unique property to form the nano spikes with high agglomeration tendency.
Conclusions
In conclusion, we could demonstrate that single crystal X-ray diffraction analysis is the direct evidence that compound 2 shows reversed face-to-face stacking in solid state due to weak intramolecular interactions (i.e., C-HÁÁÁO, C-HÁÁÁN, and C-HÁÁÁp). 2D-NOESY supports that equilibrium is greater toward stacked structure for compound 2 and 3 while no evidence was obtained for compound 1 to be stacked in solution. Gaseous state stability calculated with density functional theory illustrate that folded conformation is stable for compounds 1, 2, and 3 while single crystal X-ray structure of compound 1 preferred the open conformation. Since, gauche or folded conformation is prevalent in a number of organic compounds [39] , therefore, reverse face-to-face stacking was expected in compound 1 but it was observed in 2. This unusual stacking was preferred due to ester group which strengthen the intramolecular interactions. The TEM image of compound 2 showed nano spikes within 5 min from the deposition of the sample on the grid with high tendency to form agglomerates which converted to nanoparticles on standing longer time than 5 min. Therefore, compound 2 showed the property of organic nanomaterials, and could draw the attention of material chemists for further study.
